Background: Thrombin is generated from zymogen precursors with the assistance of cofactors. Results: Thrombin precursors prethrombin-2 and prothrombin are capable of catalytic activity and autoactivate. Conclusion: Conformational selection regulates activity in the mature protease and has the potential to unleash autoactivation in the zymogen. Significance: The paradigm of the inactive zymogen to active protease conversion needs revision to account for conformational selection.
Four protease families account for Ͼ40% of all proteolytic enzymes in humans and mediate extracellular matrix remodeling, blood coagulation, immunity, development, protein processing, cell signaling, and apoptosis. Trypsin-like proteases constitute the largest and best characterized group (1) and utilize a catalytic triad for activity, composed of the highly conserved residues His-57, Asp-102, and Ser-195 (chymotrypsinogen numbering). Additional structural components required for substrate binding and catalysis are the oxyanion hole defined by the backbone nitrogens of Ser-195 and Gly-193, residue Asp-189 at the bottom of the primary specificity pocket conferring specificity toward an Arg side chain at the P1 position of substrate, and the 215-217 segment flanking the active site that engages the P3-P4 residues of substrate (1, 2) . Activity in trypsin-like proteases ensues via a common mechanism that involves the irreversible processing of an inactive zymogen precursor. The zymogen is proteolytically cut at Arg-15 in nearly all members of the family to generate a new N terminus that ion-pairs with the highly conserved Asp-194 next to the catalytic Ser-195 and organizes both the oxyanion hole and primary specificity pocket for substrate binding and catalysis (3) . Central to this paradigm is that the zymogen does not convert spontaneously to the mature enzyme, which in turn does not feed back to activate its zymogen form (4, 5) . A safety mechanism is thereby established to guarantee stability of the zymogen until a biological signal triggers activation via a distinct protease, a trypsin-like enzyme with primary specificity toward Arg side chains, which often acts in tandem with a cofactor in the context of a proteolytic cascade (6) . Factors that perturb activation of a zymogen or the ordered sequence of reactions in a proteolytic cascade result in serious disruptions of homeostasis, as illustrated by disorders of the immune response (7), coagulation (8) , and acute and chronic ailments of the pancreas (9) .
The widely accepted notion of the zymogen as an immature precursor of the mature protease is buttressed by the structural observation of incorrect architectures of the catalytic triad, oxyanion hole, and primary specificity pocket prior to the proteolytic cleavage at Arg-15 (2, 3) . However, the validity of this paradigm is called into question by the autocatalytic activity of zymogens such as proprotein convertases furin and kexin type 9 (10 -12) , plasma hyaluronan-binding protein (13) , recombinant factor VII (14) , and the membrane-bound matriptases (9, 15) . Inspection of the structural database casts additional doubt on the current view of the zymogen as an immature precursor of the protease. A number of zymogens crystallize in a conformation (E* form) with the active site occluded by collapse of the 215-217 segment, the oxyanion hole incorrectly formed, and residues of the catalytic triad not optimally aligned for H-bonding interaction. Other zymogens such as trypsinogen (3, 16) , the zymogen of MASP-2 (17), chymotrypsinogen (18) , coagulation factor XI (19) , and complement profactor B (20) crystallize in an alternative conformation (E form) where the active site is fully accessible to substrate and organized as in the mature protease (21, 22) . In the case of chymotrypsinogen (18) and prethrombin-2 (23), the immediate zymogen precursor of the clotting protease thrombin, alternative conformations of the 215-217 segment consistent with a pre-existing E*-E equilibrium in solution have been trapped in the same crystal structure or different crystals harvested from the same crystallization well. The equilibrium between active (E) and inactive (E*) forms is a basic property of the trypsin fold for both the protease and zymogen (21, 22) and provides a relevant example of conformational selection as the basis of functional and structural plasticity in proteins (24, 25) . Conformational selection in terms of the E*-E equilibrium is the only ligand binding mechanism that can be assigned unambiguously from rapid kinetics data (26) and was originally reported for chymotrypsin Ͼ40 years ago (27) . Similar kinetic evidence for the zymogen has been obtained recently for the first time in the case of prethrombin-2 (26), thereby proving that the E* and E forms also exist in the precursor of the active protease. Although the E*-E equilibrium explains activity and regulation in the protease, questions arise about the role of the active E form in the zymogen that is supposed to be inactive. Here, we show that the presence of the E form confers the zymogen catalytic activity that may be targeted toward the zymogen itself to produce autoactivation.
EXPERIMENTAL PROCEDURES
Numbering-To facilitate comparison among different trypsin-like proteases, it is customary to number residues relative to chymotrypsinogen (3) . Insertions relative to chymotrypsinogen are labeled with a lowercase letter, which makes numbering somewhat cumbersome for residues of the mature A chain of thrombin. The corresponding prothrombin numbering for these residues is given in Fig. 1 .
Materials-Prethrombin-2 wild-type and mutants S195A, E14eA, D14lA, G14mP, G14mP/S195A (GS), E18A, E14eA/ D14lA (ED), E14eA/E18A (EE), D14lA/E18A (DE), E14eA/ D14lA/E18A (EDE), E14eA/D14lA/E18A/S195A (EDES), and E14eA/D14lA/G14mP/E18A (EDGE) were expressed in Escherichia coli, refolded, and purified to homogeneity as described previously (23) . Benzamidine was added to the refolding, dialysis, and purification buffers at a final concentration of 10 -50 mM. Unlike all other autoactivating mutants, the conversion of EDGE to the mature protease could not be inhibited by addition of benzamidine up to 50 mM to the refolding buffer. Production of the mutant EDGE with the additional S195A substitution as a control and for crystallization failed repeatedly due to lack of refolding. Prethrombin-1 wild-type and mutants EDE and EDES were expressed in baby hamster kidney cells as described (28) . Benzamidine was added after collecting the cell supernatant at a final concentration of 10 mM to prevent proteolysis. Gla domainless prothrombin wild-type and mutants EDE and EDES were expressed in baby hamster kidney cells (28) after introduction of an ApaI restriction site in the human prothrombin cDNA. Homogeneity and chemical identity of final preparations were verified by SDS-PAGE and by reverse phase HPLC mass spectrometry analysis, giving a purity of Ͼ98%.
Fluorescein Labeling Studies-Thrombin (10 M), prethrombin-2 (24 M), and prothrombin purified from plasma (28 M, Enzyme Research Labs) were incubated with fluorescein-H-DPhe-Pro-Arg-CH 2 Cl (fluorescein-PPACK, 2 Hematologic Technologies) at concentrations of 20 M (thrombin) or 500 M (prethrombin-2, prothrombin), in the presence of 20 mM Tris, 4% dimethyl sulfoxide, 200 mM NaCl, pH 7.4, at room temperature for 2 h (thrombin) or 40 h (prethrombin-2 and prothrombin). Aliquots (4 l) were quenched by the addition of 4ϫ loading buffer (2 l) at different time points and monitored by SDS-PAGE. SeeBlue Plus2 prestained standard (Invitrogen) was used as a molecular weight marker and produced the expected myoglobin red band at 17 kDa when the gel was irradiated with UV light. Incorporation of fluorescein-PPACK in thrombin, prethrombin-2, and prothrombin was quantified in terms of the absorbance ratio at 429/280 nm after removal of unreacted probe by G-25 gel filtration. PPACK binds irreversibly to the active site of thrombin (29, 30) and also prethrombin-2, as confirmed by a preliminary x-ray crystal structure of the complex (data not shown).
Autoactivation Studies-Autoactivation of prethrombin-2, prethrombin-1, and prothrombin was followed at room temperature at a final concentration of 1.1 mg/ml after removal of benzamidine by G-25 gel filtration. Autoactivation was confirmed by N-terminal sequencing. The reaction leading to generation of thrombin and depletion of the zymogen was quenched at different times with 10 l of NuPAGE LDS sample buffer containing ␤-mercaptoethanol as the reducing agent. Samples were processed by electrophoresis using 4 -12% NuPAGE gels and MES running buffer, stained with Coomassie Brilliant Blue R-250, and analyzed by quantitative densitometry. The activity of the autoactivated constructs was tested against the chromogenic substrate H-D-Phe-Pro-Arg-p-nitroanilide and physiological substrates fibrinogen, PAR1, and protein C in the presence of 100 nM thrombomodulin and 5 mM CaCl 2 under experimental conditions of 5 mM Tris, pH 7.4, 0.1% PEG 8000, 145 mM NaCl, 37°C, as detailed elsewhere (28) . Proteolytically degraded ␤-thrombin and ␥-thrombin were removed by hydrophobic interaction chromatography on a TSK-Gel Phenyl 5PW column (75 ϫ 7.5 mm, 10 m, Supleco). Cleavage of prethrombin-2 mutants S195A (6.8 M) and EDES (6.8 M) by thrombin (1.3 M) was studied by following consumption of the zymogen and appearance of the band of the active enzyme at 29 kDa. Experiments were performed in 20 mM Tris, pH 7.4, at 25°C, 145 mM NaCl, and 2 mM EDTA. Aliquots (16 l) were quenched by the addition of 4ϫ loading buffer (12 l) at different time points and monitored by quantitative SDS-PAGE.
Isothermal Titration Calorimetry Studies-Binding of the active site inhibitor argatroban was studied by isothermal titration calorimetry under experimental conditions of 20 mM Tris, 0.1% PEG 6000, 200 mM NaCl, pH 7.4, at 25°C using an iTC200 calorimeter (MicroCal Inc., Northampton, MA) with the sample cell containing the S195A mutant of thrombin (10 M) or prethrombin-2 (54 M) and the syringe injecting argatroban (100 -575 M). The concentrations of thrombin and prethrombin-2 were calculated at 280 nm from absorption coefficients of 66,390 M Ϫ1 cm Ϫ1 and 67,880 M Ϫ1 cm Ϫ1 , respectively. The concentration of argatroban was calculated at 333 nm from an absorption coefficient of 5000 M Ϫ1 cm Ϫ1 . Thermodynamic parameters were obtained by fitting the data, after subtraction of the base line, with a one-site binding model. Experiments were performed in triplicate.
X-ray Studies-Crystallization of prethrombin-2 mutants EDES and S195A (mixed 1:10 with argatroban) and thrombin mutants EDES and S195A (mixed 1:8 with argatroban) was achieved at 22°C by the vapor diffusion technique using an Art Robbins Instruments Phoenix liquid handling robot and mixing equal volumes (0.3 l) of protein and reservoir solution. Optimization of crystal growth was achieved by the hanging drop vapor diffusion method mixing 3 l of protein (10 mg/ml) with equal volumes of reservoir solution (Table 1) . Crystals grew in the P4 1 2 1 2 space group for prethrombin-2 EDES and in the P2 1 2 1 2 space group for thrombin EDES, with one molecule in the asymmetric unit in both cases. Complexes with argatroban grew in the P2 1 space group for prethrombin-2 S195A and in the P4 1 space group for thrombin S195A, with two molecules in the asymmetric unit in both cases. Diffraction quality crystals for all structures grew in ϳ2 weeks and were cryoprotected in a solution similar to the mother liquor but containing 20% glycerol prior to flash-freezing. X-ray diffraction data were collected with a home source (Rigaku 1.2 kW MMX007 generator with VHF optics) Rigaku Raxis IVϩϩ detector and were indexed, integrated, and scaled with the HKL2000 software package (31) . Structures were determined by molecular replacement using MOLREP from the CCP4 suite (32) and Protein Data Bank codes 3SQH (23) for the prethrombin-2 structures and 1SHH (30) for the thrombin structures as search models. Refinement and electron density generation were performed with REFMAC5 from the CCP4 suite, and 5% of the reflections were randomly selected as a test set for cross-validation. Model building and analysis of the structures were conducted with COOT (33) . In the final stages of refinement, translation/libration/screw tensors modeling rigidbody anisotropic temperature factors were calculated and applied to the model, except for the structure of prethrombin-2 S195A bound to argatroban. Ramachandran plots were calculated using PROCHECK (34) . Statistics for data collection and refinement are summarized in Table 1 . Atomic coordinates and structure factors have been deposited in the Protein Data Bank (accession codes 4H6T for prethrombin-2 EDES, 4HFY for prethrombin-2 S195A bound to argatroban, 4H6S for thrombin EDES, and 4HFP for thrombin S195A bound to argatroban).
RESULTS
In the blood, thrombin is generated from the zymogen prothrombin by the prothrombinase complex, composed of the trypsin-like protease factor Xa, the cofactor factor Va, phospholipid membranes, and Ca 2ϩ (8) . Prothrombin ( Fig. 1) is a vitamin K-dependent protein composed of fragment 1 (resi- (Fig. 1) . Rapid kinetics of substrate binding to the active site have recently shown that prethrombin-2 exists in equilibrium between the E* and E forms (26) as the mature enzyme and may therefore assume a conformation (E) where the active site is fully accessible. Indeed, prethrombin-2 interacts with the active site inhibitor argatroban with a significant affinity (Fig. 2) . Direct measurements of the interaction by calorimetry yield a value of K d ϭ 8.0 Ϯ 0.1 M, corresponding to a significant ⌬G ϭ Ϫ7.0 Ϯ 0.1 kcal/mol. The binding interaction is driven predominantly by enthalpic components (⌬H ϭ Ϫ8.1 Ϯ 0.3 kcal/mol) with a small entropy loss (T⌬S ϭ Ϫ1.1 Ϯ 0.1 kcal/mol). The interaction of argatroban with thrombin under identical solution conditions (Fig. 2) gives a value of K d ϭ 42 Ϯ 2 nM, corresponding to a free energy change ⌬G ϭ Ϫ10.1 Ϯ 0.1 kcal/mol and is 200-fold tighter compared with the interaction with prethrombin-2. The interaction is again driven predominantly by enthalpic components (⌬H ϭ Ϫ10.9 Ϯ 0.2 kcal/mol) with a small entropy loss (T⌬S ϭ Ϫ0.8 Ϯ 0.1 kcal/mol). Interestingly, the difference in binding free energy between prethrombin-2 and thrombin is almost entirely enthalpic and amounts to 3 kcal/mol, vouching for differences in molecular contacts between argatroban and the active site in the two cases. The lack of a significant difference in the entropy contribution to argatroban binding between prethrombin-2 and thrombin suggests a basic similarity in the conformational changes associated with the interaction for both the zymogen and protease. Independent support to the conclusions drawn from calorimetric measurements comes from the crystal structures of thrombin and prethrombin-2 bound to argatroban (Fig. 2) . Although the inhibitor binds to the active site in exactly the same orientation for the zymogen and protease, there are small but significant differences. The Arg moiety of argatroban penetrates the primary specificity pocket but in prethrombin-2 the side chain of Asp-189 remains 6 Å away. The defect in the orientation of Asp-189 caused by the lack of cleavage at Arg-15 in the activation domain of the zymogen in the free form (23) is not corrected by binding of argatroban to the primary specificity pocket. Therefore, ligand recognition by the zymogen involves selection of the E form pre-existing with the E* form in the free zymogen (23, 26) rather than an induced fit. The carboxylate of the piperidine of argatroban contacts the N⑀1 atom of Trp-148 in the autolysis loop of prethrombin-2 but not thrombin and in both cases packs against Trp-60d and Tyr-60a in the hydrophobic portion of the 60-loop. The quinoline is in hydrophobic interaction with Trp-148 in prethrombin-2 but not in thrombin and engages Trp-215 and Leu-99 in the aryl binding site in both cases. Overall, the lack of interaction of argatroban with Asp-189 in the primary specificity pocket of prethrombin-2 accounts for most of the 3 kcal/mol difference in binding free energy between the zymogen and protease because it is similar to the free energy penalty caused by the D189A substitution on substrate binding (35) .
Having established ligand binding to the active site of prethrombin-2, we tested the possibility that the zymogen would also possess catalytic activity. Prethrombin-2 does not show any appreciable cleavage of synthetic and physiological substrates under several experimental conditions tested, but it FIGURE 1. Schematic representation of prethrombin-2, prethrombin-1, and prothrombin, the zymogen precursors of thrombin. Prothrombin is composed of fragment 1 (residues 1-155), fragment 2 (residues 156 -271) and a protease domain (residues 272-579). Fragment 1 contains a Gla domain and a kringle (K1), fragment 2 contains a second kringle (K2), and the protease domain contains the A chain (residues 272-320) and the catalytic B chain (residues 321-579). Prethrombin-2 is cleaved at Arg-15 (residue 320 of prothrombin) to separate the A and B chains and generate the mature protease thrombin. The A and B chain remain covalently attached after activation through the disulfide bond Cys-1-Cys-122. Cleavage at Arg-284 by thrombin itself reduces the length of the A chain to its final 36 amino acids composition (residues 285-320 of prothrombin). Residues within this final construct composed of a total of 295 amino acids (residues 285-579 of prothrombin) are numbered according to chymotrypsinogen, and insertions relative to chymotrypsinogen are labeled with a lowercase letter. The table lists residues of the mature A chain sequentially (Seq) and according to the prothrombin (ProT) and chymotrypsinogen (Chym) numbering. The sequence around the site of activation at Arg-15 shows residues subject to mutagenesis in red.
does react with the irreversible inhibitor fluorescein-PPACK (Fig. 3) , proving that the active site residues His-57 and Ser-195 in the zymogen are already in the optimal orientation for catalysis. The interaction is slower than that observed with thrombin but specific enough that PPACK is found bound to the active site of prethrombin-2 in a preliminary x-ray crystal structure (data not shown). Prothrombin also interacts with fluorescein-PPACK (Fig. 3) but incorporates the label with significantly lower yield (20%) compared with prethrombin-2 (50%). The presence of fragment-1 and fragment-2 in prothrombin likely affects the E*-E equilibrium by reducing the relative population of the active E form required for PPACK binding.
If prethrombin-2 and prothrombin possess catalytic activity, what is their biological target? A recent crystal structure of prethrombin-2 reveals Arg-15 in the activation domain in ionic interactions with the acidic residues Glu-14e, Asp-14l, and Glu-18 instead of being exposed to solvent for proteolytic attack (23) . When the acidic residues are mutated to Ala, the resulting prethrombin-2 triple mutant EDE slowly converts to the mature enzyme. The mutant EDES, carrying an additional Ala substitution of the catalytic residue Ser-195, does not autoactivate (23) , implying that it is the zymogen itself that initiates the autocatalytic conversion to the mature protease. Thrombin is known to cleave prethrombin-2 at Arg-284 to reduce the A chain to its final length (Fig. 1 ) but has no specificity toward Arg-15 in the activation domain. Unlike wild-type, the prethrombin-2 mutant EDES is cleaved by thrombin at Arg-15 according to a single exponential with k obs ϭ 0.030 Ϯ 0.003 h Ϫ1 (Fig. 4) , implying that Arg-15 has distinct solvent accessibility in the two proteins. The crystal structure of the prethrombin-2 mutant EDES (Fig. 4) shows an intact Arg-15-Ile-16 peptide bond and the segment around the cleavage site at Arg-15 significantly different from wild-type (23) . Neutralization of the acidic residues Glu-14e, Asp-14l, and Glu-18 in the activation domain causes Arg-15 to swing out of its anionic cage and to direct its side chain to solvent for proteolytic attack. In this orientation, Arg-15 has an accessible surface area of 196 Å 2 or 73% of that of an Arg residue in solution (268 Å 2 ). Solvent exposure of Arg-15 in the wild-type is only 28% (23) . The effect of the mutation is local on the architecture of the activation domain and does not propagate to other regions of the zymogen that assume a conformation similar to that of wild-type (23) .
The EDE mutation also produces autoactivation of prethrombin-1 and prothrombin, and the additional S195A replacement abrogates it (Fig. 5) . The thrombin mutant EDE generated by autoactivation crystallizes in the E form with Na ϩ bound to its site (Fig. 4) in a conformation that is practically identical to that of wild-type thrombin in the Na ϩ -bound E form (30) . The EDE mutation does not alter the fold of the molecule or the conformation of the active site and produces a construct that cleaves chromogenic substrates, fibrinogen, PAR1, and protein C with values of k cat /K m nearly identical to those of wild-type (Fig. 5) . Therefore, lack of autoactivation of prethrombin-2, prethrombin-1, and prothrombin is not due to lack of catalytic activity in the zymogen but rather to the buried conformation of Arg-15 in the activation domain. A similar conclusion has recently emerged for the anticoagulant zymogen protein C, which shares sequence similarities with prethrombin-2 in the activation domain (36) . Replacement of charged residues in the anionic cage produces a variant protein C that slowly autoactivates and is rapidly activated by thrombin without the need of thrombomodulin (36) .
Autoactivation of prethrombin-2 suggests a new method for thrombin production that obviates the need of activators such as prothrombinase or the snake venom metalloprotease ecarin. The autocatalytic conversion of the EDE mutant of prethrombin-2 to the mature enzyme is slow but can be optimized. Systematic Ala scanning mutagenesis was carried out on residues of the anionic cage to determine which was necessary and/or Thrombin is shown as a positive control. SeeBlue Plus2 prestained standard (Invitrogen) was used as a molecular weight marker and produced the expected myoglobin red band at 17 kDa when the gel was irradiated with UV light. The standard is present at a concentration too low for detection in the SDS gels. Under reducing conditions, thrombin migrates as a doublet due to separation of the A (4 kDa) and B (29 kDa) chains, but the zymogen prethrombin-2 migrates as a single band (37 kDa). Incorporation of fluorescein-PPACK proves that the active site of prethrombin-2 and prothrombin may be catalytically competent. . b, overlay of the activation domains of prethrombin-2 S195A (green) as reported recently (23), and mutant EDES (yellow) reported in this study. The Arg-15-Ile-16 peptide bond is intact in both zymogens, but the organization of the segment around the cleavage site at Arg-15 is significantly different. Arg-15 is caged by Glu-14e, Asp-14l, and Glu-18 in the S195A mutant, but becomes exposed to solvent in the EDES mutant. The simulated annealing F o Ϫ F c omit map (beige mesh) for the mutant is contoured at 2. c, structure of the EDES mutant of thrombin (yellow) obtained from proteolytic cleavage of prethrombin-2 mutant EDES by the thrombin mutant EDE. The mutant (yellow) crystallizes in the active E form with Na ϩ (gold ball) bound to its site. The structure is very similar (root mean square deviation, 0.309 Å 2 ) to that of the 1SG8 structure of wild-type (cyan, with Na ϩ as a cyan ball) (30) . Sites of Ala substitution of the EDES mutant are clearly detected in the density map contoured at 1. sufficient to shield Arg-15 from solvent. A total of 10 prethrombin-2 constructs (wild-type and nine mutants) were expressed, purified, and tested for autoactivation. Quantification and analysis was carried out as described previously from progress curves of zymogen conversion (23, 36) . Of the three possible single mutants, D14lA and E18A but not E14eA produced autoactivation (Fig. 5) . The three acidic residues are not functionally equivalent in caging Arg-15, even though they make significant ionic interactions with the guanidinium group (Fig. 4) . The dispensable role of Glu-14e is confirmed by the two double mutants ED and EE, which autoactivate no faster than the single mutants D14lA and E18A, and by the triple mutant EDE, which autoactivates even slower than the double DE mutant (Fig. 5) . Mutation of either Asp-14l or Glu-18 is sufficient yet not necessary to produce autoactivation, as directly demonstrated by mutation of Gly-14m at the P2 position of the activation domain (Fig. 1) . Thrombin has a strong preference for Pro at this position, as documented by numerous studies on chromo-FIGURE 5. a, the triple substitution EDE in the activation domain of Gla-domainless prothrombin (GD-ProT), prethrombin-1 (Pre-1), and prethrombin-2 (Pre-2) generates autoactivation. The reaction was monitored on SDS gels as the consumption of zymogen and the appearance of the band for the mature enzyme at 35 kDa for GD-ProT, 32 kDa, for Pre-1 and 29 kDa for Pre-2. N-terminal sequencing confirmed the sequence 16 IVAGS 20 of the B chain with the E18A substitution. The different electrophoretic mobility of the B chains is due to glycosylation of the prethrombin-1 and prothrombin constructs. Autoactivation proceeds through the expected intermediates and generates prethrombin-1 (49 kDa, with checked N-terminal sequence 156 SEGSS 160 ) and prethrombin-2 (38 kDa, with checked N-terminal sequence 285 TFGSG 289 ) in Gla-domainless prothrombin, and only prethrombin-2 (38 kDa, with checked N-terminal sequence 285 TFGSG 289 ) in prethrombin-1. Autoactivation was not detected in wild-type zymogens and was specifically abrogated by the additional S195A mutation in the EDES constructs. Optimization of autoactivation was achieved with the single mutant G14mP and the quadruple mutant EDGE that converts to thrombin rapidly upon refolding. Autoactivation in the G14mP construct is abrogated by the additional S195A mutation in the GS double mutant. b, kinetics of autoactivation of wild-type and mutant prethrombin-2 constructs measured as the extent of zymogen conversion to thrombin (A). The t1 ⁄2 for complete conversion of the zymogen to the mature enzyme is as follows: ϱ h (wild-type, E14eA), 220 Ϯ 20 h (D14lA), 158 Ϯ 6 h (ED), 124 Ϯ 4 h (E18A), 116 Ϯ 4 h (EE), 13 Ϯ 2 h (EDE), 8 Ϯ 1 h (G14mP), 5.0 Ϯ 0.5 h (DE), 0 h (EDGE). Prethrombin-2 wild-type and mutant E14eA do not autoactivate. The single mutant G14mP and the double mutant DE autoactivate slightly faster than the triple mutant EDE, and the quadruple mutant EDGE fully converts to thrombin upon refolding (a). c, values of the log of the specificity constant
) for the hydrolysis of synthetic (H-D-Phe-Pro-Arg-p-nitroanilide; FPR) and physiological (fibrinogen, PAR1, and protein C) substrates by thrombin mutants relative to wild-type under experimental conditions of 5 mM Tris, 0.1% PEG 8000, 145 mM NaCl, pH 7.4, at 37°C. Abbreviations used for the mutants are listed under "Experimental Procedures." The mutations afford minimal perturbations of substrate hydrolysis in all cases. The values of k cat /K m for wild-type are as follows: 39
genic substrates (37) (38) (39) , and indeed, optimization of the activation domain of prethrombin-2 for thrombin cleavage has recently involved mutation of Gly-14m (40) . Remarkably, the G14mP single mutant of prethrombin-2 autoactivates as rapidly as the DE double mutant and faster than the EDE triple mutant (Fig. 5) . Again, autoactivation in the G14mP construct is abrogated by the additional S195A mutation (GS mutant). The side chain of Arg-15 may be constrained to point to the solvent by the single G14mP substitution, and the presence of Gly-14m in the activation domain of prehtrombin-2 may play the important role of providing the necessary backbone flexibility for Arg-15 to be sequestered within the anionic cage. In this scenario, G14m and residues within the anionic cage synergistically lock Arg-15 in a buried conformation. Consistent with this hypothesis, the quadruple mutant EDGE of prethrombin-2 is already fully converted to thrombin when harvested from the refolding column, and the product of autoactivation is functionally equivalent to wild-type (Fig. 5) . A thrombin construct functionally equivalent to wild-type can be generated directly by autoactivation of its zymogen precursor prethrombin-2, without appreciable delay after refolding and without the need of activators such as prothrombinase or the snake venom ecarin.
DISCUSSION
Autoactivation of the zymogen has two necessary requirements: an intrinsic catalytic activity prior to conversion to the mature protease and specificity toward the site of cleavage around Arg-15 in the activation domain. The pre-existing equilibrium between fully open (E) and collapsed (E*) conformations of the active site is a key property of the trypsin fold and is supported by structural biology (21, 22) and rapid kinetics (26, 27, 41, 42) . The E*-E equilibrium offers a simple framework to understand the molecular basis of activity and regulation in the mature protease, but its relevance extends to the zymogen. When the zymogen is in the E* form, no activity is possible, and the protein behaves as an immature precursor of the active protease. However, when the E form is significantly populated, the zymogen may acquire catalytic activity toward suitable targets, including the zymogen itself. This explains autocatalysis in proprotein convertases furin and kexin type 9 (10 -12), plasma hyaluronan-binding protein (13) , recombinant factor VII (14) , and the membrane-bound matriptases (9, 15) . The conceptual framework of the E*-E equilibrium extends to other classes of enzymes such as caspases and explains how small molecules can induce activation of the pro-enzyme (43) by stabilizing the E form. Prethrombin-2 exists in the E* and E forms (23, 26) and carries a P1-P4 sequence in the activation domain that closely resembles that of PAR1, the most specific substrate of thrombin (44) . What prevents autoactivation in prethrombin-2 is burial of Arg-15 in the activation domain, an unanticipated feature uncovered when the structure of this zymogen was solved for the first time in the free form (23) . Inspection of the structural database reveals Arg-15 in the activation domain of several zymogens either completely disordered or exposed to solvent, with prethrombin-2 being the only known exception (23) . However, in the structure of prethrombin-1 (45) and many others, exposure of Arg-15 may be an artifact due to interaction of this residue with neighbor molecules in the crystal lattice. Therefore, the buried conformation of Arg-15 documented in prethrombin-2 may be more prevalent than currently suggested by the structural database. Burial of Arg-15 may be one of the most important factors controlling autoactivation in zymogens of the trypsin family. Prethrombin-2, prethrombin-1, and prothrombin become autocatalytic once Arg-15 is forced outside of its anionic cage with specific mutations, but it is conceivable that exposure of Arg-15 may be triggered in the wild-type by suitable effector molecules. In this case, thrombin would be generated in vivo directly from prothrombin through mechanisms that bypass the coagulation cascade.
Conformational selection in terms of the pre-existing E*-E equilibrium provides a more realistic paradigm for the function of the zymogen and protease and challenges the current dogma of the zymogen as an inactive precursor of the active protease (4, 5) . The molecular basis of autoactivation in terms of conformational selection also defines a strategy for the facile production of trypsin-like proteases of clinical and biotechnological relevance. Tissue-type plasminogen activator, thrombin, and activated protein C are or have been on the market for the treatment of medically relevant conditions such as stroke, hemorragic complications, and sepsis (46) . Thrombin variants engineered for anticoagulant and antithrombotic activity in vivo are in preclinical stage (47) . A method of producing an active form of these and other proteases rapidly, in high yield and purity, without the need of additional enzymes, would be highly desirable and significant. Whether produced from plasma prothrombin (48 -50) or made recombinant from prethrombin-1 (51, 52) or prethrombin-2 (23, 40, 53) , thrombin must eventually separate from components of the prothrombinase complex or the snake venom metalloprotease ecarin used for activation, which adds regulatory hurdles and costs to largescale production (54, 55) . We have shown that the prethrombin-2 quadruple mutant EDGE obviates the use of activating enzymes because it converts to thrombin rapidly upon refolding and the product of autoactivation has functional properties toward synthetic and physiological substrates similar to those of wild-type. Recent studies show the feasibility of extending this strategy to production of activated protein C (36) and the anticoagulant thrombin mutant W215A/E217A (23) for clinical applications.
